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of interest (ROI). We report here the results of this validation in terms of accuracy, time, and reproducibility. More importantly, during this validation, it became apparent that different types of specimens, specifically biopsies or resections, alter the availability of tissue for analysis, and some biopsies did not yield the recommended number of cells; the availability of this tool allowed comparisons of different ROIs based on the number of cells and number of regions selected for analysis.
MaterIals and Methods

Materials
According to guidelines, [16] following primary use-case validation of digital pathology using at least 60 cases, each additional use-case validation requires 20 additional cases. For this study, we collected 20 consecutive cases of neuroendocrine neoplasms; these tumors had Ki67 labeling indices reflective of the wide range of these tumors, from very low (approximately 0.1%) to high (approximately 75%). These included primary neuroendocrine tumors of stomach, small bowel, appendix, pancreas, lung and ovary, liver metastases from lung and small bowel neuroendocrine tumors, and paraganglioma. Sections of 5-µm thickness were stained on the Roche Ventana Benchmark using the MIB1 antibody (Dako, Santa Clara, CA, USA). Slides were scanned with a Leica Aperio AT2 Scanner (Leica Biosystems, Vista, CA, USA) and accessed through the CoPathPlus laboratory information system (Cerner, Kansas City, MO, USA) interfaced with Aperio eSlideManager through Aperio ImageScope (Leica Biosystems) as previously described.
[17] The pretuned nuclear algorithm (Leica Biosystems) was used for automated analysis of slides stained for Ki67.
Validation of image analysis algorithm
Since the program used does not have the ability to identify the regions of highest labeling, also known as "hotspots," we identified ROIs on the digital slides by visually selecting the area of highest labeling. We outlined the ROI using a frame and then annotated the area within the frame using the ImageScope software to manually outline stroma for exclusion in the ImageScope analysis [ Figure 1 ]. The selected and annotated regions were photographed, printed, and distributed to four pathologists (OM, SP, DAG, and SLA) who performed manual counts as per their usual practice following the WHO recommendation that "manual counting using printed images is advocated." [14] The outlined ROIs in the whole slide image were subjected to image analysis using the image analysis nuclear algorithm for determination of the Ki67 labeling index on three occasions. Each analysis was timed from the onset of analysis to completion. This timing did not include the time required for ROI selection and annotation, as the annotations were made in advance and then the ROI was printed ×4 for manual counting by each individual who was blinded to the results of the other users and the image analysis algorithm.
The results of the analyses by each of the four pathologists and the algorithm were compiled [ Table 1 ] and compared [ Figure 2 ].
Reproducibility of the algorithm based on user determinations
Since some of the specimens were resection specimens with large tissue pieces, while others were biopsies with fewer cells, and some of the biopsies were intact cores, while others were multiple small fragments, we recognized that the selection of a "hot spot" varied from specimen to specimen. In resection specimens, the initial approach was to identify the single area of highest labeling and identify an area that had at least 1000 cells; in some cases, more than 1000 cells were counted. In some biopsies, it was difficult to obtain 1000 cells, and in fragmented biopsies, to achieve a total cell count of more than 500 cells, it was frequently necessary to identify multiple small "hotspots."
To determine the impact of selection of the ROI on the outcome and classification of the tumor, we performed the analysis using multiple approaches. We carried out the automated analyses on a single tumor using different numbers of total cells and multiple small versus single large areas of hot spots.
results
Validation of image analysis algorithm
The results obtained using the automated image analysis algorithm compared with manual counts of the same annotated areas by multiple observers are shown in Table 1 and illustrated in Figure 2 .
Analysis of annotated areas by the algorithm resulted in identical results when repeated multiple times. Overall, the automated analysis correlated with the pathologists' results in the majority of cases. However, the manual counts varied from pathologist to pathologist [ Figure 2 ] depending on the interpretation of the selected area. Specifically, there were two areas of difference. First, while the algorithm identifies any Sample slides were annotated with a square to identify the region of interest, then annotations were made to exclude the stroma. The resulting images were printed for manual counting and subjected to the automated algorithm for analysis staining as positive, there was discordance among pathologists regarding inclusion of very weak signals. Second, some pathologists counted all nuclei, while others omitted nuclei within the analysis area that could possibly be interpreted as stroma. These differences are known to contribute to interobserver variability in tumor grading.
Time savings by image analysis
The automated algorithm provided results within few seconds compared to up to 55 min per analysis when performed manually [ Table 1 ]. This timing did not include the time required for annotation of the initial image; it only included the time for actual counting on printed images.
Reproducibility of the algorithm based on user determinations
We repeated the analysis of a given tumor using larger or smaller frames to include more or fewer cells in the same region that had been identified as the "hotspot." We identified a consistent variation of the Ki67 labeling index based on cell number; the more cells counted, the lower the Ki67 value obtained, with the highest variation at the low end of the spectrum [ Figure 3 ]. This impacted the cutoff points that have been defined for the distinction of Grade 1 from Grade 2 neuroendocrine tumors [3, 14] such that counting 1000 cells could result in a tumor being classified as moderate grade (G2), whereas counting 2000 cells or more resulted in the same tumor being classified as low grade (G1). The same occurred for tumors close to the 20% cutoff for intermediate-versus high-grade (G3) classification.
Since biopsies can be fragmented and yield multiple small pieces of tissue for analysis, we then examined the impact of selecting multiple small regions compared to a single large region to obtain the required number of cells [ Figure 4 ]. It was evident that selection of multiple regions of intense labeling resulted in a higher value than selection of a single region of the same number of cells even if overall that represented the most intense hot spot.
conclusIons
This study was performed as part of the validation of new technology in the laboratory. Our results confirm that there is a significant benefit of automated image analysis as part of daily pathologists' workflow, both in the consistency of the automated results and in the time savings for pathologists. Our study did not include the time required to identify hotspots or to annotate images for counting, we assume that the time required for such annotation would not be significantly different using printed images or the ROI on a computer screen since the work to do this is mainly a factor of pathologist recognition and labeling of stromal elements for exclusion. As new algorithms are developed that can recognize hot spots and perform automated segmentation to exclude stromal elements, the time required for these activities will be reduced.
The ability to perform fast and reliable image analysis for quantification of morphologic features allowed us the opportunity to pursue a more in-depth analysis of the impact of tissue annotation for the analysis of the Ki67 labeling index. We have identified significant interobserver variation due to pathologist interpretation. Despite the instructions to use the prepared annotations, one pathologist had consistently higher Ki67 results when using manual counts of printed images. This was attributed to the fact that this pathologist excluded any cell that was perceived as stroma or blood vessel even if it was included in the countable region of the ROI. Therefore, the results would have differed whether using manual counts or automated image analysis. Some differences may possibly be related to the inclusion of very weak signals by some and not all observers, the algorithm is set to include even weak and/or focal staining as positive.
This study analyzed hotspots that were identified by a pathologist. As image analysis tools become more sophisticated, automated tumor/stroma segmentation will become a common standard. However, the insights that we obtained in our study will need to be considered when developing those segmentation algorithms, to establish how to identify a hotspot based on the total number of cells available or required, whether a single area only should be analyzed, and if so, how such an algorithm can be applied to small biopsies.
While variation in Ki67 labeling results has been attributed to the known heterogeneity of different areas within neuroendocrine tumors, [18] we have also confirmed significant variation of the Ki67 labeling index based on the size and number of ROIs. Our data confirmed the obvious result that counting more cells skews the result for cases with relatively low Ki67 labeling. The same is true when selecting multiple very small areas compared with a large tissue region, even when the total number of cells is the same. This concentration effect has a significant impact when considering that much of current practice rests on results obtained from small biopsies that frequently have either too few cells for a complete analysis or may be fragmented, yielding multiple small regions. The ability to push a tumor from a G1 to G2 or G2 to G3 classification can be as simple as reducing the number of cells counted from 1500 to 1000 or selecting multiple small hot spots rather than a single larger area of the same tumor. The literature has not dealt with this issue rigorously; the WHO has recommended that "the Ki67 proliferation index is based on the evaluation of equal and >500 cells in areas of higher nuclear labeling (so-called hotspots)." [14] The implication of this is that more is better, and some pathologists try to count as many cells as possible; with automated tools, it is easier to count more cells or even the entire slide, yet our data show that this alters the result in a way that can be significant to grading of a neuroendocrine tumor. Careful studies based on rigorous and consistent protocols are needed to prevent concentration or dilution effects and to determine the correct mechanism for counting that is clinically relevant. The application of this analysis in biopsies complicates the matter since often biopsies do not contain sufficient numbers of cells to achieve recommended counts. While some would argue that results close to a cutoff should be rounded up to the nearest whole integer, [14] there are no guidelines on this issue. There is a need for a rigorous study using image analysis tools and standardized numbers of cells to determine the diagnostic cutoffs that are clinically significant or to update the approach to this continuous variable. Indeed, it may be that the Ki67 labeling index should not have set cutoffs that can be manipulated as showed in this study. The impact of this on grading of neuroendocrine tumors and other tumor types will be significant.
In conclusion, we report that the application of automated image analysis for the enumeration of a Ki67 labeling index provides a fast and accurate tool for this methodology. However, we provide examples of variations that result from the size and number of selected fields to determine the ROI for analysis. These results highlight the importance of developing a standardized approach to quantitation in anatomical pathology and raise concerns about the rigid cutoffs for tumor grading that have been promoted based on nonstandard studies.
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